The b a s i c physical properties and thermodynamic constants of aluminum chloride have been calculated t o obtain the data required far engineering calculations o f thermodynamic c y c l e s employing aluminurn chloride vapor.
INTRODUCTION
Gaseous aluminum chloride appears t o be attract i v e as a heat transfer medium and as a thermodynamic-cycle working f l u i d as a consequence of the fact that it e x i s t s as the monomer AICI, at high temperatures and as the dimer AI,CI, a t low temperatures.
T h e effective specific heat and thermal conductivity of a gas that associates are considerably enhanced because of the association equilibrium a t temperatures at which there i s an appreciable fraction of both monomer and polymer, and therefore aluminum chloride may be an except i o n a l l y good heat transfer medium for some applications. I t s p o s s i b i l i t i e s as the working f l u i d i n a thermodynamic c y c l e stem from i h e fact that, i n an idealized gas turbine w i t h a n e g l i g i b l e pressure drop i n the system, the pump compressor w i l l require work proportional t o the compressor i n l e t temperature times the specific gas constant of the dimer for any given pressure ratio. In the high-temperature region a t the turbine, on the other hond, i f the gos i s completely monomeric, t h i s same weight of gas w i l l do work proportional t o the turbine i n l e t temperature times the monomer gas constant for the same pressure ratio. Because of the r e l a t i v e l y large difference in the gas constant between the monomer and dimer, the r a t i o of turbine work t o compressor work w i l l be greater than for a gas that does not dissociate. Further, the energy losses due t o the i n e f f i c i e n c y of both the compressor and the turbine w i l l have r e l a t i v e l y smaller effects on the over-all thermal e f f i c i e n c y w i t h a dissociating gas as the working fluid.
B A S I C P H Y S I C A L P R O P E R T I E S O F ALUMINUM C H L O R I D E
T h e objective of this study was t o investigate the possible advantages of aluminum chloride arising from i t s dissociation and the consequent increase i n e f f e c t i v e s p e c i f i c heat and thermal conductivity. Q u a l i t a t i v e l y the reason for these increases i s simple. Lowering the temperature of the gas w i l l y i e l d not only the heat given o f f if the since the gas is more h i g h l y associated at lower temperatures, it w i l l a l s o g i v e off the chemical heat due t o the association of some of the monomer molecules us a r e s u l t of lowering the temperature.
T h e same phenomenon increases the thermal conductivity.
T h e therrnal conductivity i s the camposition of the gas were "frozen, 1 s but, amount of heat that would be transferred i n u n i t time across u n i t area from a temperature T + d f
t o T divided by the temperature gradient, d T / d x .
T h e frozen thermal conductivity i s t h a t which would occur i f the composition were frozen a t an average weight fraction Z n of the polymer and W1
of the monomer a t both temperatures.
Since w , i s higher at 7' + dT and w n i s higher at I' than the average, r e l a t i v e l y more monomer would d i f f u s e from T t dT t o T and more polymer from T t o T + d T than for a frozen composition.
T h e composition of the higher-temperature gas molecules d i f f u s i n g t o the lower temperature would change w i t h a trend toward the lower equilibrium concentration of monomer a t the lower temperature and would g i v e o f f heat i n the process. This chemical heat contribution i s part of the heat flux.
Quantitative expressions for these phenomena have been given by B u t l e r and Brokaw.' T h e quantities of practical interest, the e f f e c t i v e s p e c i f i c heat, C p e , the e f f e c t i v e thermal conduct i v i t y , he, and the viscosity, have never been measured. T h e s e and other quantities of interest must be estimated. It i s fortunate that the theory of gases i s w e l l developed and, for some calculations, i s more r e l i a b l e than measurements.
Effective Specific Heat
T h e e f f e c t i v e s p e c i f i c heat was calculated by use of Eq. (1). T h e frozen specific heat of Al,C16, Cpi: was estimated according t o well-known s t a t i s t i c a l mechanical methods2 by use of the infrared vibrational frequencies measured or estimated by K l e m~e r e r .~ T h e frequencies for AICI, A t each cornposition of the gas, an average value was computed from the composition-weighted average of these two values for the monomer and the dimer.
T h e composition of the gas may be computed from the equilibrium constant T h e range of values of Q l i s t e d i s 1.0 t o 2.7, and a value of Q == 2 was a r b i t r a r i l y chosen as being reasonable.
For a
T h e value of D t 2 P was estimated from the equation"
where M , and M , are the molecular weights of monomer and dimer, respectively, u,, 7 (o1 t a2)/2, and Q' i s a correction for intermolecular interactions.
It does not differ greatly from i), and therefore the value 2.0 was used. T h e calculated values of D I 2 P in the temperature range 500 t o it can be shown' t h a t -The pressure, perfect gas l a w states t h a t ' 1 for small variations i n T , where 1 and 2 are thermodynamic states.
Noting t h a t T H E R M O D Y NAMlC P R O P E R T ! ES
T h e entropy was considered equal t o zero a t 900°R a n d 150 psia, and the entropy at other temperatures a t t h i s pressure was approximated by a stepwi se, finite-difference procedure using the approximation g i v e n nbove. For pure chromium exposed t o aluminum chloride a t a pressure o f 1 atm, a t 1000°K and T h i s partial pressure i s higher than that which would be present above a chromium-containing a l l o y i n w h i c h the a c t i v i t y of the chromium was lower than the a c t i v i t y of pure chromium metal.
The p a r t i a l pressure of CrCI, from reaction B i s higher than that from reaction A. Reaction B should be, therefore, the important corrosion reaction and should r e s u l t in the transport, a t the very most, of about 2 x lo-' mole of chromium per mole of circulating gas. At the low-temperature zone, CrCI, w i l l i n i t i a l l y deposit a s the solid, AlCl w i l l disproportionate according t o reaction C, and a small concentration of aluminum w i l l deposit on t h e surface of t h e a l l o y . After a small a c t i v i t y of aluminum i s b u i l t u p in the metal, the reaction a t the low-temperature zone should be the reverse o f reaction B, w i t h chromium metal being deposited on t h e w a l l s , The corrosion of n i c k e l would be much less severe.
The reactions s i g n i f i c a n t for n i c k e l corrosion are: At the low-temperature zone, the reverse of seaction E w i l l probably take place, and n i c k e l metal w i l l deposit on the surface. T h e l i m i t i n g factor in the corrosion of n i c k e l From an a l l o y composed p r i n c i p a l l y of n i c k e l would be the t o t a l volume of gas passing over the surface. One mole of n i c k e l would be transported per 6 A 10' moles 04 g o s at I atm passing the surface at 1QOO'K.
One mole of .41CI, transports roughly 20 k c a l of heat i n going from 1000 i o 500*K, so about 1 mole of n i c k e l would be transported per 1.2 x 10" kcal, 1.4 x IO7 kwhr, or about 600 Mwd of heat.
The transport corrosion of iron and iiao!ybdenum as minor constituents 0% an agley should be less than that of chromium.
In concfusion, C O~~O S~Q~ of an a l l o y composed mainly of n i c k e l and containing some chromium might not be n e g l i g i b l e for long-term operotion of a system circulating gaseous aluminum chloride a i temperatures in t h e range 500 and 100O0K, but the corrosion would be small enough for short-term be chernicolly inert r e l a t i v e t o either t h e molten salt or water. T h i s would make i t desirable from the hazards standpoint and would g i v e a system r e l a t i v e l y i n s e n s i t i v e t o leaks between any t w o sets of fluid; that is, a small leak from one system i n t o another would not lead t o the formation of a set of deposits which would be very d i f f i c u l t to remove.
It would be necessary, of course, t o make the steam generator, as w e l l as the fuelto-aluminum chloride heat exchanger, of a r e l a t i v e l y expensive high-nickel-content a1 loy.
The principal disadvantage of t h i s arrangement i s that it would require a larger amount of heat transfer surface area and a higher pumping powsr than would be t h e case fnr an inert molten salt, for example.
However, it would have a maior advantuge i n t h a t there would b e no freezing problem in the intermedicits heat exchanger c i r c u i t .
The freezing problem presents exceedingly dif- T h e temperature range for such an a p p l i c a t i o n i s lower than i s desirable i n that the heat transfer surfaces for the molten salt would be at about 1100 t o 1200°F, w h i l e those i n t h e steam generator would be a t 700 t o 1000OF. As may be seen in This, i n effect, w i l l cut the compression work roughly i n h a l f and thus produce a marked improvement i n c y c l e e f f i c i e n c y .
The nature of t h i s effect c a n be v i s u a l i z e d readily by exonlining t h e P-V diagrams of F i g . 6, which compare similar T h e diagrams of F i g . 6 were prepared for i d e a l cycles w i t h no allowances for l o s s e s . T h e most important of these losses are associated w i t h the e f f i c i e n c i e s of the compressor and the turbine, which are l i k e l y to be of the order of 85%. T h i s means that, w i t h an 85% e f f i c i e n t compressor, the ideal work input w i l l be 85% of the actual work input, w h i l e the actual work output of the turbine w i l l be o n l y 85% of the ideal. In oddition, pressure drops between the compressor and the turbine w i l l At the same time, the turbine i n l e t temperature must b e at least 120O0F, and preferably should b e above 14OOOF if there i s t o be an appreciable p o s i t i v e net area for t h e P-V diagram.
T h e unusual properties o f aluminum chloride make it p o s s i b l e t o g o t o higher compressor i n l e t temperatures than w i t h other f l u i d s . T h e e f f e c t s of v a r i a t i o n s in both t h e compressor i n l e t tempernture a n d t h e compressor pressure r a t i o are indicated i n F i g . 9 for a turbine i n l e t temperature of 154OOF.
While t h i s temperature i s h i g h b y steam power plant standards, the much lower pressures i n t h e aluminum chloride sysiein reduce stresses suff i c i e n t l y t o compensate for most of t h e temperature difference. In any event, it i s necessary t o go t o peak temperatures in t h i s range t o t a k e f u l l advantage o f t h e unusual properties of t h e aluminum chloride. It i s evident from F i g . Othat t h e aluminum chloride vapor c y c l e should be designed for a compressor i n l e t temperature of around 540 t o 640°F and a pezisure r a t i o of 20 t o 40. Further lowering o f t h e compressor i n l e t temperature w i l l do l i t t l e t o enhance efficiency, s i n c e a t 540°F most of t h e gas i s i n the dimer state already.
A p o i n t of interest i s t h a t i t was found in the c y c l e a n a l y s i s that during the compression and expansion processes there was l i t t l e change i n t h e percentage of t h e gas dissociated. T h i s w i l l s i m p l i f y the design af cornpressors and turbines for such an application. The heat transfer c o e f f i c i e n t for t h e aluminum chloride i s s u f f i c i e n t l y high for t h e high-pressure portion o f t h e cycle, and therefore good heat transfer c o u l d be obtained in a reactor core.
In the cooler, however, t h e heat transfer performance of t h e aluminum chloride w o u l d be poor, and a large surface area w o u l d be required. T h e poor heat transfer c o e f f i c i e n t of aluminum chloride i n tho cooler stems from the f a c t t h a t t h e pressure at t h e turbine outlet would b e o n l y approximately 1/10 atm, and t h i s would g i v e a l o w Reynolds number.
T h e pressure ahead of t h e turbine, on the other hand, would be 20 t o 40 times greater, w h i c h would g i v e heat transfer c o e f f i c i e n t s correspondingly higher. for a molten-salt-fueled reactor, it appears that a b i n a r y vapor c y c l e employing aluminum chloride in the high-temperature portion and water vapor i n the lower-temperature region ought t o L e considered.
Such a c y c l e would resemble i n many ways the binary mercury vapor-steam c y c l e which has been used i n a number of U.S. power plants.
It would have t h e advontage t h a t it would permit
operation at h i g h temperatures (which would be advantageous from t h e thermodynamic standpoint) w h i l e avoiding t h e expense associated w i t h t h e It may be seen from T a b l e 5 t h a t t h i s system gives a very much higher over-all thermal e f f i c i e n c y than i s obtainable from t h e gas-turbine c y c l e alone.
A corresponding steam system designed far a pressure of 2400 psi and a peak temperature out o f the superheater af 105OOF would give an over-all thermal e f f i c i e n c y of about 38%, somewhot less than the e f f i c i e n c y t h a t the t y p i c a l binary vapor c y c l e chosen would attain. 
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Thermodynamic data have been prepared and are presented i n the form of tables and charts t o f a c i l i t a t e engineering calculations on systems employing aluminum chloride vapor either as a heat transfer medium or as the working f l u i d i n a thermodynamic cycle. A number of t y p i c a l applications have been considered, but i n none of these has the aluminurn chloride shown outstanding advantages over more conventional media. However, i t i s believed that for some special applications it may w e l l prove t o have some outstanding advantages where the characteristics of the other system components are such as t o make i t possible t o exploit t o the f u l l e s t the unique Characteristics of aluminum chloride. 
